A hallmark of diabetic retinopathy and a precursor of endothelial cell dysfunction is the loss of pericytes, so-called "pericyte drop-out," leading to acellular capillaries, which are no longer perfused. [1] [2] [3] Although the loss of pericytes is believed to be linked to fluctuations in blood glucose, the mechanism is not well understood. In addition, the maturation of newly formed vessels during the late stages of proliferative diabetic retinopathy requires the incorporation of pericytes. 4 The angiopoietins, a recently discovered family of vascular regulatory molecules binding to the Tie-2 tyrosine receptor, play an important role in retinal neovascularization. 5, 6 The TIE-2 gene encodes a protein of 1122 amino acids with its extracellular region containing three EGF-like repeats and three repeats with fibronectin type III homology located after the second Ig loop. The intracellular portion of Tie-2 contains two tyrosine kinase domains. Tie-2-deficient mice die at around embryonic day 10.5 and exhibit profound vascular defects indicating the importance of Tie-2 in vascular development. 7, 8 The activity of Tie-2 is differentially regulated by angiopoietin (Ang)-1 and -2, which share approximately 60% amino acid identity with similar affinity to Tie-2.
9,10 Although primarily thought of as an endothelial cell protein, Tie-2 is also expressed by some hematopoietic stem cells, 11 and its RNA has been reported in pericytes. 12 Ang-1 binds to Tie-2 and induces phosphorylation of Tie-2. Ang-1/Tie-2 are proposed to mediate the mobilization of hematopoietic stem cells to the peripheral circulation 13 and the formation of mature capillary networks by recruiting periendothelial cells such as pericytes.
14 Both Ang-1 and Tie-2 are upregulated during the early stages of wound healing coinciding with wound angiogenesis 15 and in various tumors and tumor cell lines. 16 Furthermore, the constitutive secretion of Ang-1 by normal quiescent vessels is considered to stabilize vessels by maintaining contacts between endothelial cells and periendothelial cells.
Ang-2 has been suggested to block the constitutive stabilization or maturation function of Ang-1 by promoting smooth muscle cell-pericyte dropout therefore loosening contacts between endothelial cells and periendothelial cells. 17 Ang-2 has been reported to be upregulated in mouse models of ischemiainduced retinal neovascularization, as well as during angiogenesis in retinal development. 18 We investigated how the angiopoietin signaling system may regulate the course of diabetic retinopathy by modulating retinal pericyte survival and recruitment.
METHODS

Cell Culture
Retinal pericytes were isolated from bovine eyes and cultured by using a modification of previous methods. 19 Isolated pericytes were resuspended in MEM with 20% fetal bovine serum at 37°C for 3 days. After cell attachment, the medium was changed every 3 to 4 days with MEM containing 10% fetal bovine serum.
Purification of bovine retinal pericytes was achieved with a kit (Cellection Pan Mouse IgG kit; Dynal Biotech, Bromborough, UK) according to the manufacturer's instructions. Briefly, the cells collected from one primary culture T-25-cm 2 flask by trypsinization were reacted with mouse anti-desmin monoclonal antibody (Chemicon Europe, Chandlers Ford, UK) for 10 minutes at 4°C. After washing, the cells were mixed with pan mouse IgG beads (Cellection Dynabeads; Dynal Biotech) for 20 minutes at 4°C with constant shaking. The samples were placed in a magnetic particle concentrator (MPC-S; Dynal Biotech) to separate immunoadsorbed cells for 2 minutes at room temperature. The bead-bound cells were then resuspended in release buffer for 15 minutes. After vigorous pipetting, the samples were place in the particle concentrator for 2 minutes, and the purified pericytes were collected and seeded into T25-cm 2 flasks under the culture conditions just described. Cultures were subcultured at a ratio of 1:2 on reaching confluence, and the cells were used within three passages. For all experimental studies the fetal bovine serum concentration of the medium was reduced to 5%.
To rule out endothelial cell contamination, equal amounts of lysates from pericyte cultures and microvascular endothelial cells (as a positive control) were subjected to Western blot analysis with anti-PECAM-1 antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA).
To confirm that pericytes are able to retain their phenotype during progressive passage, the cells were propagated for 5 days in the second passage and then incubated with mouse anti-desmin monoclonal antibody (Chemicon Europe) at room temperature for 30 minutes (mouse IgG 1 antibody acted as a control). After incubation with an FITCconjugated secondary antibody the number of desmin-positive cells was determined by flow cytometry.
To study the pericyte response to exogenous Ang-1 or -2 cells were, unless otherwise stated, treated with Ang-1 or -2 (Regeneron Pharmaceuticals, Inc., Tarrytown, NY) at a concentration of 100 ng/mL, based on preliminary experiments and the functional response achieved in Figure 4 . For the unstimulated control, Ang was substituted with 0.1% BSA.
ELISA Determination of Tie-2
After treatment with 100 ng/mL Ang-1 or -2 at 37°C for 48 hours, the medium was collected, and the pericytes were lysed by adding 1 mL per flask of RIPA buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate, 1 mM NaF, 1 mM Na 3 VO 4 and 1 mM EDTA containing the protease inhibitors phenylmethylsulfonyl fluoride, aprotinin, leupeptin, and pepstatin) at 4°C for 30 minutes. The amount of protein was determined by the BCA protein assay before detection of Tie-2 by ELISA (Quantikine; R&D Systems, Europe, Abingdon, UK) according to the manufacturer's instructions and absorbance was read at 450 nm. The detection limit of this assay was 0.02 ng/mL. Tie-2 levels were normalized for total protein concentrations in the cell lysates and expressed as ng Tie-2 per milligram of total protein.
Tie-2 Phosphorylation
To assess the phosphorylation status of Tie-2 after angiopoietin treatment for 48 hours, phosphorylated Tie-2 was immunoprecipitated from the cell lysate containing protein at 500 g/mL by incubation with 10 L mouse anti-tyrosine phosphorylation monoclonal antibody (PY 20; Santa Cruz Biotechnology, Inc.) for 1.5 hours at 4°C, followed by addition of 20 L protein A/G agarose (Santa Cruz Biotechnology, Inc.) overnight at 4°C. After a wash in RIPA buffer, the mixture was centrifuged at 12,000g for 20 minutes. The pellet was resuspended with 1 mL of RIPA buffer containing protease inhibitors at 65°C for 5 minutes, to disrupt protein-protein interactions, and was then subjected to ELISA for Tie-2.
Flow Cytometric Analysis of Tie-2
Subconfluent pericytes treated with 100 ng/mL Ang-1 or -2 for 48 hours were harvested by centrifugation at 200g for 5 minutes. After three washes in PBS containing 0.5% FCS, the cells were resuspended in the same buffer to a final concentration of 4 ϫ 10 7 /mL and 25 L of the cells (1 ϫ 10 6 ) were added to a tube. A 10-L aliquot of the PEconjugated anti-Tie-2 antibody (R&D Systems Europe) was added to the cells at 4°C for 45 minutes, followed by two washes in the same buffer before flow cytometric analysis (FACSCalibur; BD Biosciences, Oxford, UK). As a control, the cells in a separate tube were treated with PE-labeled mouse IgG 1 antibody.
Antisense Treatment
Antisense 5Ј-GCTAAAGAATCCATGCTTCCCC-3Ј and scrambled oligos 5Ј-GGGGGAAGCATGGATTCTTTAGC-3Ј that corresponded to base pairs 318 to 337 of bovine Tie-2 mRNA were constructed by MWG Biotech (Milton Keynes, UK). In oligo transfections, 6 M of oligo, predetermined as the optimal concentration, in MEM was incubated with DMRIE-C for 45 minutes at 25°C. After the pericytes were washed, liposome-oligo complexes were incubated with the cells for 5 hours at 37°C followed by addition of MEM containing 10% FCS for 19 hours. Based on the titration result, pericytes (Fig. 2C) were treated with 6 M of the Tie-2 antisense and scrambled oligo daily over a 3-day period.
Western Blot Analysis for CD13
CD13 (aminopeptidase N) is a marker of hematopoietic cells 20 and cell mobility and is a putative indicator of pericyte maturation in the cerebral vascular bed. 21 It is a type II membrane-bound metalloproteinase expressed on various cell types and a Zn 2ϩ -dependent ectopeptidase that degrades preferentially proteins with an NH 2 -terminal neutral amino acids. 22, 23 CD13 expression in pericytes was analyzed by Western blot analysis. Subconfluent pericytes were cultured in the presence or the absence of 100 ng/mL Ang-1 or -2 at 37°C for 48 hours. The proteins were extracted with RIPA buffer at 4°C, and the protein content was determined by the BCA protein assay. Equal amounts of protein from each sample were resolved by SDS polyacrylamide gel and transferred onto nitrocellulose membrane. The membranes were incubated with an antibody for CD13 (Santa Cruz Biotechnology, Inc.) at room temperature for 2 hours. The membranes were then washed with 3% milk/TBS containing 0.05% Tween-20 followed by HRP-conjugated secondary antibody (Santa Cruz Biotechnology, Inc.) at room temperature for 1 hour. After they were washed, the membranes were incubated with enhanced chemiluminescent substrate (ECL; Santa Cruz Biotechnology Inc.) and exposed to film (Biomax MR; SigmaAldrich, Poole, Dorset, UK). The blots were stripped and reprobed with goat polyclonal anti-␣ tubulin antibody (1:250; Santa Cruz Biotechnology, Inc.).
Detection of Apoptosis
Apoptosis was evaluated by using a FITC-conjugated annexin V/propidium iodide (PI) assay kit (R&D Systems Europe), based on annexin-V binding to phosphatidylserine exposed on the outer leaflet of the plasma membrane lipid bilayer of cells entering the apoptotic pathway. Apoptosis was induced using two approaches, TNF-␣ and high glucose. Pericytes were exposed to (1) 100 ng/mL Ang-1 or -2 in the presence or absence of 100 ng/mL TNF-␣ at 37°C for 48 hours or (2) high glucose, 15 and 25 mM, or control medium containing 5.6 mM glucose. Glucose levels were replenished daily. Ang-1 or -2 (100 ng/ mL) was added to the culture medium 48 hours before cell harvest.
For apoptosis detection, the cells were collected by centrifugation (200g for 5 minutes), washed in PBS, and resuspended in the annexin V incubation reagent in the dark for 15 minutes before flow cytometric analysis.
Proliferation Assay
Cells were plated in 96-well plates at 750 cells per well in MEM with 10% FCS for 24 hours. They were transferred to serum-free MEM for 45 minutes and then treated with various concentrations of Ang-1 or -2 in MEM containing 1% FCS at 37°C for 48 hours. The relative cell number was determined by crystal violet uptake. 24 To assess the degree of cell cycle synchronicity within the population of pericytes, the cultures were stimulated with Ang-1 or -2 (100 ng/mL) for 48 hours and then fixed with 70% ethanol. After digestion with RNase, DNA was stained with propidium iodide and DNA density determined by flow cytometry, to obtain a measure of cell cycle progression. 
Migration Assay
In vitro wound healing was used to evaluate cell migration. The pericytes were cultured to near confluence in 24-well plates with or without precoating with 12.5% extracellular matrix (Matrigel; BD Biosciences) in MEM containing 10% FCS at 37°C. After being maintained at quiescence in serum-free MEM for 45 minutes, the cell monolayers were wounded by a 1-cm 3 tip pipette in one direction. The wounded cells were washed with PBS to remove cellular debris and were incubated with various concentrations Ang-1 or -2 at 37°C for 7 hours. Cell migration was monitored at initial wounding and at 7 hours under a phase-contrast microscope and calculated as migration distance (in micrometers) ϭ (distance at time 0 Ϫ distance at time 7 hours)/2.
Visualization of F-Actin
As assembly of actin polymers appears to be an absolute requirement for pseudopod extension and cell migration, visualization of F-actin with phalloidin was used as a molecular marker for cell migration. 25 Retinal pericytes grown on slides precoated with extracellular matrix (Matrigel; BD Biosciences) were treated with 100 ng/mL Ang-1 or -2 at 37°C for 48 hours. The cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. Changes in F-actin structures were detected by incubating the cells for 30 minutes at RT with 0.33 M TRITC-labeled phalloidin, and the cells were examined by fluorescence microscopy. A minimum of five cells in five random microscope fields for each treatment (at least 25 cells) were analyzed.
Statistical Analysis
All experiments were conducted at least three times. Unless otherwise indicated, all data are expressed as the mean Ϯ SEM. An unpaired, two-tailed Student's t-test was used to determine the significance of the results of Tie-2 expression, proliferation, migration, and apoptosis assays by analysis of the two group means. The Mann-Whitney test was used to determine statistical significance in the laser densitometry of Western blot analysis. Statistical analysis was performed (Minitab, ver. 14; Minitab, Inc., State College, PA), with P Ͻ 0.05 considered statistically significant.
RESULTS
Regulation of Tie-2 Expression in Retinal Pericytes
We determined the levels of both the cellular and soluble forms of Tie-2. (A soluble form of Tie-2 has been found to be released into the culture supernatant of other cell types. 26 ) Both membrane and soluble Tie-2 expression was observed in pericytes grown under standard culture conditions (Fig. 1A) . With angiopoietin treatment at 100 ng/mL for 48 hours, Tie-2 in the cell lysate significantly increased by 29.5% (4.03 ng Tie-2/mg of protein for unstimulated vs. 5.21 ng/mg Ang-1 stimulated) and 11.5% (4.03 ng/mg for unstimulated vs. 4.49 ng/mg Ang-2 stimulated) when stimulated with Ang-1 and -2, respectively. In the supernatant, however, the soluble Tie-2 significantly decreased (by ϳ70%) on angiopoietin stimulation (1.62 ng Tie-2/mg of protein without stimulation vs. 0.54 ng/mg and 0.44 ng/mg Tie-2 when stimulated with Ang-1 and -2, respectively). Ang-1 induced tyrosine phosphorylation of Tie-2 in pericytes within 5 minutes, reaching a maximum level at 1 hour, followed by a slight downregulation (Fig. 1B) . In contrast, the kinetics of Tie2 phosphorylation induced by Ang-2 was a gradual upregulation, with the maximum phosphorylation occurring at 48 hours (Fig. 1B) .
Flow cytometry demonstrated that more than 98% of cultured pericytes expressed Tie-2 (normal control: 98.4% Ϯ 0.5%; 100 ng/mL Ang-1 or -2 for 48 hours: 99.5% Ϯ 0.3% or 99.7% Ϯ 0.2%, respectively; Fig 1C) . Compared with normal control cells, the angiopoietin-treated pericytes exhibited an increase in levels of Tie-2 shown as MFI (arbitrary units; normal control: 99.8 Ϯ 17.6; Ang-1: 178.7 Ϯ 9.8; Ang-2: 138.3 Ϯ 14.4; Fig 1C) . Furthermore, the cells exhibited typical pericyte morphology when assessed by microscopy, and greater than 94% of the cells expressed desmin (see representative flow cytometric analysis in Fig. 1D ). Consistent with the desmin expression, no PECAM-1 (a marker for endothelial cells but not pericytes) was detected in pericyte cultures by Western blot analysis, whereas microvascular endothelial cells strongly expressed PECAM-1 (Fig. 1E) .
Ang-1 Regulation of CD13 Expression in Retinal Pericytes
CD13 protein was expressed by retinal pericytes and was upregulated by Ang-1 in a dose-dependent manner (Fig. 2A) . Tie-2 antisense (but not Tie-2 sense) treatment significantly reduced CD13 expression (Fig. 2B ) and abolished Ang-1-induced CD13 expression in pericytes (Fig. 2C ). Ang-2 had no effect on CD13 expression in retinal pericytes (data not shown).
Differential Effect of Ang-1 and -2 on Pericyte Survival
TNF-␣ (100 ng/mL) induced maximum apoptosis of pericytes (25%) compared with baseline (7%) by 24 hours (Fig. 3 ). Ang-1 at 100 ng/mL significantly inhibited TNF-␣-induced apoptosis with the number of apoptotic cells decreasing by approximately 50%. By contrast 100 ng/mL Ang-2 enhanced TNF-␣-induced apoptosis reaching up to 30% by 48 hours (Fig. 3B) . A similar response was observed with high glucose, Ang-1 decreased glucose-induced apoptosis by 60%, and Ang-2 enhanced apoptosis by 47% at 25 mM glucose (Fig 3C) .
Effects of Ang-1 and -2 on Retinal Pericyte Behavior
Proliferation. Retinal pericytes exposed to Ang-2 (between 1 and 200 ng/mL) exhibited a small but significant dose-dependent increase in cell proliferation (Fig. 4A) , whereas Ang-1 had no mitogenic effect on the cells.
The effects of Ang-1 and -2 on cell cycle progression were evaluated by flow cytometric analysis of the DNA content. As shown in Table 1 most of the cells under control conditions were in the G 0 /G 1 phase. Exposure to Ang-2 resulted in a significant (P Ͻ 0.05) shift toward the S-phase and G 2 /M phase, whereas Ang-1 had no effect compared with control.
Migration. Addition of Ang-1 and -2 had no obvious effect on retinal pericyte migration on standard cell culture plastic (Fig. 4B) . A recent study 27 showed that an antibody against CD13 inhibits cell migration on basement membrane matrix (Matrigel; BD Biosciences). Because in the present study Ang-1 upregulated CD13 expression in the pericytes, we assessed pericyte migration on basement membrane matrix-coated slides. As shown in Figure 4B , retinal pericyte migration was significantly stimulated by Ang-1 in a dose-dependent manner on basement membrane matrix-coated slides, and the effect was almost completely inhibited by Tie-2 antisense. There was no significant increase in pericyte migration after treatment with Ang-2 (Fig. 4B) .
We next determined whether the changes in cell migration were associated with alterations in the F-actin cytoskeletal organization. The control cells were flat with thin, uniform, parallel actin filaments (stress fibers) departing from single foci and extending throughout the length of the cell, with the presence of lamellipodia (Figs. 5A,D ). There were a few
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Tie-2 in Pericyte Survival and Recruitment 2165 dominant, elongated pseudopodia and a few actin-containing fine cell extensions. Ang-1 treatment caused dramatic reorganization of the actin cytoskeleton that resulted in a reduction in the number of stress fibers and lamellipodia, with an uneven thickening of the remaining stress fibers and an increase in both dominant leading-edge pseudopodia observed at the ends of the cells and in invadopodia (Fig.  5B) . By contrast, Ang-2-treated retinal pericytes remained flat with the partial disassociation of actin into aggregates (Fig. 5E ). Tie-2 antisense treatment abolished the effects of Ang-1 and -2 on changes in actin cytoskeleton in the retinal pericytes (Figs. 5C, 5F ).
DISCUSSION
Retinal pericytes are intimately associated with the vascular endothelium and have a critical role in maintaining the functional integrity of the capillary unit. 28 Acting as contractile cells with a well-developed actin microfilamentous network, pericytes alter capillary luminal diameter and regulate retinal blood flow. 22 Retinal pericytes also appear to have a critical trophic function in promoting vessel maturation and endothelial survival. Selective degeneration of pericytes in the retinal capillary vessels is a distinguishing feature of early retinal vascular damage in diabetes and can result in decreased capillary tonicity, formation of microaneurysms, and vessel dilation. 23 It has been proposed that hyperglycemia causes pericyte dysfunction, apoptosis, and ultimately pericyte loss. 29, 30 Our finding that Ang-2 protein is upregulated in the diabetic retina is consistent with that observed in a chronic hyperglycemia animal model of diabetic retinopathy. 2 Ang-2 has different effects on Tie-2 phosphorylation dependent on the cell types on which it acts. For example, Ang-2 binds to endothelial cell Tie-2 without inducing its phosphorylation but can activate Tie-2 in genetically modified mesenchymal cells. 31 Although Tie-2 has been presumed to be restricted to endothelial cells and hematopoietic stem cells, we provide evidence that Tie-2 receptors are expressed by retinal pericytes, confirming other reports that Tie-2 expression can be found in nonendothelial mesenchymal cell types. 10, 11, 32 Tie-2 immunolocalization to nonvascular cells in both the inner and outer retina is in agreement with that reported by Ohashi et al. Both Ang-1 and -2 enhanced Tie-2 expression in cultured retinal pericytes, indicating that upregulation rather than constitutive expression of Tie-2 occurs during the progression of diabetic retinopathy. Consistent with these findings, both Ang-1 and -2 induced Tie-2 autophosphorylation, although robust Tie-2 activation by Ang-2 required prolonged exposure to Ang-2. Furthermore, the decrease in sTie-2 levels in pericyteconditioned media after Ang-1 or -2 treatment suggests that Tie-2 may not be susceptible to proteolysis after ligand binding. 34 Retinal capillary pericytes extend long cytoplasmic processes to form interdigitating contacts with endothelial cells that facilitate the maturation, remodeling, and maintenance of the vascular system. During retinal blood vessel development, Ang-2 acts as a factor that primes endothelial cells for angiogenesis by destabilizing interactions between endothelial cells and perivascular cells. 18 Increased Ang-2 is thought to lead to persistent disruption of the cellular cross-talk between pericytes and endothelial cells in early diabetic retinopathy, culminating in pericyte loss and vessel destabilization. However, our data that Ang-2 promotes retinal pericyte proliferation in a dose-dependent manner add a new aspect to the complexity of the Ang-2/Tie-2 system. A recent report 35 suggests that mitotically active pericytes can form angiogenic sprouts or tubes during the early phase of neovascularization in tumors and in developing retinal tissues. Although Ang-1 has been identified as the primary activating ligand for Tie-2, Ang-2 possesses similar receptor affinity to Tie-2 and it has been proposed that in response to Ang-1, Tie-2 is rapidly internalized and targeted Whole-cell lysates from the retinal pericytes treated with 100 ng/mL Ang-1 for 48 hours were probed with an antibody for CD13. Ang-1 treatment led to a dose-dependent increase in CD13 (150 kDa) expression in retinal pericytes. Densitometric analyses are presented as the relative ratio of CD13 to ␣-tubulin (55 kDa) and the ratio relative to control is arbitrarily presented as 1. Data are expressed as the mean Ϯ SEM (n ϭ 4). *P Ͻ 0.05, **P Ͻ 0.01 versus the control. (B) The pericytes exposed to Tie-2 antisense eliminated the Ang-1-induced expression of CD13, whereas Tie-2 sense had no effect. Densitometric analyses are presented as the relative ratio of CD13 to ␣-tubulin, and the ratio relative to control is arbitrarily presented as 1. Data are expressed as the mean Ϯ SEM (n ϭ 4).**P Ͻ 0.001 versus Ang-1 only. (C) Oligo at 6 M was the optimal concentration for antisense Tie-2, as determined by Western blot analysis of Tie-2 (140 kDa) expression by pericytes after transfection with different concentrations of the antisense Tie-2 oligos. Densitometric analyses are presented as the relative ratio of Tie-2 to ␣-tubulin, and the ratio relative to control is arbitrarily presented as 1. Data are expressed as the mean Ϯ SEM (n ϭ 4). **P Ͻ 0.01 versus 0 M Tie-2 antisense.
IOVS,
Tie-2 in Pericyte Survival and Recruitment 2167 for degradation. 36 By contrast, Ang-2 only weakly activates Tie-2 without significantly stimulating Tie-2 internalization, leading to amplification and a delay before full activation of Tie-2 occurs.
CD13 was initially identified as an important marker of subpopulations of hematopoietic cells. 20 CD13 is identical with a predominant metalloproteinase (MMP), a Zn 2ϩ -dependent ectopeptidase 37 that activates or inactivates bioactive peptides on the cell surface by preferential cleaving of proteins with NH 2 -terminal neutral amino acids 38, 39 and that regulates the availability of peptides to adjacent cells. A recent study showed that CD13 is expressed by vascular cells and may play a role in angiogenesis. 40 In our study, retinal pericytes also expressed CD13 and Ang-1 enhanced retinal pericyte CD13 expression in a dose-dependent manner. Recently, MMPs have been reported to be involved in tumor pericyte recruitment. 41 The strong enhancement of a migratory cell phenotype (an increase in actin polymerization and pseudopod extension) in Ang-1-treated pericytes on synthetic matrix (Matrigel; BD Biosciences) in this study, accompanied with increased expression CD13, indicates that Ang-1 indeed increased the motility of pericytes, at least in part, via CD13 mediated-MMP activity. Moreover, that Ang-1 stimulated pericyte migration but not proliferation reinforces our hypothesis that interaction of Ang-1 with Tie-2 in pericytes leads to vessel maturation via recruitment of pericytes and smooth muscle cells. Of interest, CD13 has also been reported to be a putative marker for cerebral pericyte maturation. 20 It has been proposed that overexpression of Ang-1 in vivo results in a dramatic increase in microvessel number and vessel 42 indicating that Ang-1 plays an important role in retinal neovascularization, including maturation and remodeling, rather than being a effector of diabetic retinopathy. Furthermore, it has been shown that Ang-1 can rescue the vessels from leakiness caused by VEGF-A without interfering with induction of angiogenesis. 43 Our observation that retinal pericytes express Tie-2 raises the possibility that Ang-1 helps to maintain and stabilize mature vessels by stimulating pericyte viability. Because Ang-1 also leads to increased Akt activation in endothelial cells, thus enhancing survival signals, 44 we subsequently tested whether Ang-1 can block retinal pericyte apoptosis induced by high glucose 29, 30 or TNF-␣ (a factor implicated in the pathogenesis of diabetic retinopathy 45 ). Retinal pericytes treated with Ang-1 demonstrated significantly decreased apoptosis compared with those treated with TNF-␣ or high glucose alone, indicating that Ang-1 can improve pericyte survival. 46 As Ang-1 has been shown to be highly expressed in adult tissue, our results further emphasize its role in maintaining previously developed and mature blood vessels.
It is now becoming evident that the effect of angiopoietins is highly context dependent and contingent on the nature of the local environment, the cellular phenotype, and the stage of the disease. Fiedler and Reiss 47 elegantly demonstrated that Ang-2 functions are dependent on the presence of other cytokines, and their findings are supported by our observation that Ang-2 enhanced the apoptotic effect of TNF-␣ but had no effect alone. Pericyte phenotype differs as to whether it is in its quiescent state encased within the vascular basement membrane or proliferating at the vanguard of newly forming blood vessels. Although we would not expect this phenotype to proliferate, we would expect it to be susceptible to apoptosis. However, the angiopoietins would be expected to promote a different response in the activated pericytes associated with angiogenesis, and our data support this. Diabetic retinopathy is a dynamic process and at stages during the disease both pericyte phenotypes will be present. Thus, it is not surprising that the angiopoietins can have multiple effects dependent on the context of endogenous and exogenous factors.
In conclusion, our results suggest (1) a critical role for Ang-2 in pericyte loss in early diabetic retinopathy, (2) a possible role for Ang-2 in pericyte proliferation at a later stage in the pro-FIGURE 4. Angiopoietins mediate retinal pericyte proliferation and migration. (A) Ang-2 modestly increased proliferation of retinal pericytes in a dose-dependent manner, whereas Ang-1 had no effect. The number of cells is expressed as the mean Ϯ SEM of counts in triplicate wells. *P Ͻ 0.05 versus the unstimulated control group in which Ang was substituted with 0.1% BSA; (B) Ang-1 had no effect on the migration of retinal pericytes cultured on plastic. In contrast, Ang-1 treatment significantly enhanced retinal pericyte migration on a synthetic-matrixcoated surface. Tie-2 antisense treatment abolished the enhancing effect of Ang-1 on retinal pericyte migration on the matrix. However, there was no significant increase in retinal pericyte migration after treatment with Ang-2 in the presence or absence of matrix. The data are represented as the mean Ϯ SEM (n ϭ 3). gression of diabetic retinopathy, and (3) Ang-1-mediated improvement of survival, activation, and migration of retinal pericytes during the establishment of retinal new vessels. Targeted regulation of angiopoietin isoforms may offer a therapeutic approach as an adjunct treatment for the microvascular complications associated with diabetic retinopathy. Das et al. 48 have reported that a Tie-2 antagonist, muTek delta Fc, can inhibit revascularization in an oxygen model of retinopathy. 
